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I. INTRODUCTION
Rapid development of advanced experimental techniques and computational methods enables verification and detailed reinterpretation of many chemical reaction mechanisms, including identification and structural characterization of their transient intermediates [1] [2] [3] and explicit demonstration of realistic and not-so-fully-intuitive reaction pathways. [4] [5] [6] [7] This development provides scientists a novel methodology for detailed investigations of fundamental organic reactions, which often seem to be a victim of oversimplified interpretations in organic chemistry textbooks. Chlorination reactions of aromatic compounds constitute such a class of organic reactions, mechanism of which is not yet fully understood. In the radical mechanism, it is believed that the initial step is the addition of a chlorine atom (Cl) to benzene (C 6 H 6 ) to form a Cl-C 6 H 6 complex. 8 However, it has been highly contentious for more than 50 years whether the Cl-C 6 H 6 complex is a π -or σ -complex, i.e., whether the reaction between Cl and C 6 H 6 proceeds through a π -or σ -bonding.
In the 1950s, Russell and Brown postulated that Cl and C 6 H 6 form a hexahapto (η 6 ) π -complex (Figure 1(a) ) to account for the enhanced selectivity of Cl with respect to the tertiary C−H bond of 2,3-dimethylbutane in organic photochlorination carried out in the presence of benzene. [9] [10] [11] [12] A detailed study performed by Skell et al. under a broad range of experimental conditions suggested that the highly selective intermediate might be rather assigned to the 6-chlorocyclohexadienyl radical (the Cl-C 6 H 6 σ -complex, Figure 1 (c)), whereas the low selective intermediates are best described as a mixture a) Author to whom correspondence should be addressed. Electronic mail:
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of Cl atoms and the Cl-C 6 H 6 π -complex. 13 , 14 Ingold and coworkers employed laser flash photolysis to investigate the kinetics of these reactions in solutions and reported that the selectivity can be quantitatively described by a scheme which involves hydrogen abstraction by just two species, free Cl atoms and the π -complex. [15] [16] [17] [18] Theoretical characterization of the Cl-C 6 H 6 complexes proved to be a complex task. Tsao et al. employed various ab initio computational methods and density functional theory (DFT) to find that the η 6 π -complex and the η 2 π -complex (Figure 1(b) ) have imaginary vibrational frequencies, hence, should be considered as transition states. 19 The stabilization energies of ∼23 and ∼16 kJ mol −1 were predicted for the η 1 π -complex (Figure 1(d) ) and the σ -complex, respectively, with the BH&HLYP/6-311++G** method and the barrier height for the η 1 π -complex → σ -complex conversion was estimated as ∼9 kJ mol −1 . The predicted values are within 5 kJ of those predicted with the CASPT2 method; the multireference character of η 1 π -complex makes the MP4(SDQ), CBS-QBH&H, and CCSD(T) results unreliable. 19 The pronounced stability of the η 1 π -complex of Cl-C 6 H 6 was not confirmed by the study of Croft and Howard-Jones, who employed new density functionals designed particularly for noncovalent complexes and reported that the σ -complex is more stable than the η 1 π -complex, with a stabilization energy of 28-32 and 35-43 kJ mol −1 predicted for the η 1 π -complex and the σ -complex, respectively, with the MPW1K method using various basis sets. 20 In view of these results, it is difficult to conclude unequivocally which of the Cl-C 6 H 6 complexes is the most stable.
The nature of the bonding between Cl and benzene in these two types of complexes is distinctly different despite of their similar energetics. Graphical explanation of the bonding mechanism in the σ -and π -complexes of Cl-C 6 H 6 -represented in the form of bonding orbital between the Cl and C 6 H 6 moieties-is given in Figure 1 (c) and 1(d). In the π -bonding scheme, the bonding is more delocalized and involves predominantly the bonding π orbitals associating with three carbon atoms of the benzene ring. In the σ -bonding scheme, Cl forms a σ -bond with one of the carbon atoms and consequently disrupts its aromaticity. As a result, the H atom on the chlorine-bonded carbon moves out of the molecular plane of benzene and the Cl−C distance is shorter. The difference in structure and bonding should result in distinct spectra of these complexes.
Spectral evidence for the existence of the π -complex rests on a broad transient absorption band near 490 nm and an intense broad band near 320 nm observed in pulse radiolysis of benzene in CCl 4 solvent by Bühler. 21, 22 They suggested that in the π -complex benzene acts as an electron donor and the chlorine atom as an electron acceptor; this feature resembles spectra of several other aromatic charge-transfer complexes. Bunce et al. also indicated that the 490 nm band, observed in their laser flash photolysis experiments, is unlikely due to a σ -compound, as usually σ -complexes absorb only weakly in the visible range. 15 In contrast, Bensen favors strongly the identification of this transient feature as belonging to the σ -complex. 23 The electron paramagnetic resonance (EPR) spectrum of the Cl-C 6 H 6 complex observed in irradiated frozen Cl 2 /C 6 H 6 solid at 77 K indicates that this complex is most probably a distorted σ -complex. 24 Clearly, the available experimental (UV and EPR) and theoretical results do not permit for unambiguous assignment of the structure of the Cl-C 6 H 6 complex.
Infrared (IR) spectroscopy can provide more definitive information about molecular structures. Spectral characterization of distinct structural motifs for complexes of simple anions with arenes has been demonstrated clearly with IR spectroscopy. 25 Similarly, IR spectroscopy is expected to provide definitive structural information for this Cl-C 6 H 6 complex. If the σ -complex were formed, the characteristic C−H stretching mode below 3000 cm −1 and the ClCH bending mode near 1100 cm −1 for the newly formed ClCH moiety could be observed in the recorded IR spectrum, whereas if the π -complex were formed, the characteristic ring-stretching modes of the C 6 H 6 moiety near 1600 and 950 cm −1 would be activated due to perturbation caused by the Cl atom.
Matrix isolation technique has proven to be an excellent method for investigating many unstable intermediates. Unfortunately, conventional matrix isolation techniques cannot be readily applied for studying reactions involving a single chlorine atom due to the fact that the in situ photolysis of the most common precursor, Cl 2 , produces two Cl atoms, which cannot easily migrate out of the original matrix cage. Consequently, the reaction products typically contain two chlorine atoms. 26 An attractive alternative matrix host, which can be used to avoid this problem, is p-H 2 . This quantum solid has emerged as a unique host for matrix isolation spectroscopy, with many excellent properties such as extremely narrow spectral width and a diminished matrix cage effect. [27] [28] [29] We have demonstrated that free radicals that are difficult to be produced using conventional inert-gas matrices can be readily produced in a p-H 2 matrix via photolysis in situ 30 or photo-induced bimolecular reactions. 31, 32 Here we took advantage of the diminished cage effect of p-H 2 to produce chlorine atoms from in situ photolysis of Cl 2 in a Cl 2 /C 6 H 6 /p-H 2 matrix at 3.2 K; subsequent reaction between Cl and C 6 H 6 produces the Cl-C 6 H 6 complex. As we demonstrate below, the observed IR spectra and deuterium isotopic shifts clearly indicate that the Cl-C 6 H 6 produced in these experiments is a σ -complex.
II. EXPERIMENTS
The experimental setup has been described previously. 26, 31 In these experiments, a gold-plated copper plate served both as a cold substrate for the matrix sample and as a mirror to reflect the incident IR beam to the detector. The copper plate was maintained at 3.2 K with a closed-cycle helium refrigerator (Janis, SHI-415). Typically, gaseous mixtures of C 6 H 6 /p-H 2 (1/750, 0.02 mol) and Cl 2 /p-H 2 (1/750, 0.02 mol) were co-deposited over a period of 5 h. The 365 nm light from a light-emitting diode (375 mW) was employed to dissociate Cl 2 to produce Cl atoms. IR absorption spectra were recorded with a Fourier-transform infrared (FTIR) spectrometer (Bomem, DA8) equipped with a KBr beamsplitter and a Hg/Cd/Te detector (cooled to 77 K) to cover the spectral range 500-4000 cm −1 . Typically, 400 scans at a resolution of 0.25 cm −1 were recorded at each stage of the experiment. It has been previously reported that infrared excitation of the solid p-H 2 bands (4000-5000 cm −1 ) can induce Cl atoms to react with p-H 2 to form HCl, 33 and therefore, when Cl atoms were present in the p-H 2 matrix, a 2.4 μm infrared cutoff filter (Andover Corp.) was used when recording the infrared spectra.
Flow rates of C 6 H 6 /p-H 2 and Cl 2 /p-H 2 are typically 0.08-0.11 and 0.055-0.12 mmol h −1 , respectively. C 6 H 6 (99.5%, Fluka), C 6 D 6 (listed isotopic purity 99.5%, Cambridge Isotope Laboratories, Inc), and Cl 2 (99.9%, Air Products and Chemicals) were used without further purification. H 2 (99.9999%, Scott Specialty Gases) was used after passage through a trap at 77 K before conversion to p-H 2 . The p-H 2 converter comprised a copper cell filled with hydrous iron (III) oxide catalyst (Aldrich) and cooled with a closedcycle refrigerator (Advanced Research Systems, DE204AF). The efficiency of conversion is controlled by the temperature of the catalyst; at 11.5 K, the concentration of o-H 2 is <10 ppm.
III. RESULTS AND DISCUSSION
A. Cl + C 6 H 6 reaction
The partial IR spectrum of a deposited sample of Cl 2 /C 6 H 6 /p-H 2 (1/1/1500) at 3.2 K (Figure 2(a) ) exhibits absorption lines of C 6 H 6 and also complexes of C 6 H 6 -Cl 2 (indicated with *). C 6 H 6 -Cl 2 has been observed in solid N 2 .
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Spectra covering a wider spectral range and a comparison of the experimental and theoretical frequencies and relative intensities of C 6 H 6 -Cl 2 are available in the supplementary material. 35 Upon irradiation with light at 365 nm for 5 h, the intensities of IR lines due to C 6 H 6 and C 6 H 6 -Cl 2 complexes decreased slightly, and several new features appeared. A difference spectrum obtained by subtracting the spectrum of the deposited matrix from the spectrum recorded after irradiation at 365 nm is presented in Figure 2 The identification of the molecular species responsible for the observed additional IR signals is not a difficult puzzle. Upon irradiation of Cl 2 at 365 nm, Cl atoms were produced and subsequently reacted with C 6 H 6 , as indicated by the decreased absorption of C 6 H 6 and C 6 H 6 -Cl 2 . The new features thus produced are expected to originate from the products of the Cl + C 6 H 6 reaction. Further evidence comes from the enhancement of these features after annealing, which can be explained by higher mobility of the Cl atoms at 5 K and lack of photolysis. At low temperatures and without irradiation, the hydrogen abstraction cannot occur because of a large barrier associated with this reaction channel. The only viable reaction channels lead hence to the formation of the Cl-C 6 H 6 complexes. The secondary photolysis in the 455-700 nm region might dissociate some σ -complex of Cl-C 6 H 6 , which absorbs in the visible region. 14 The IR spectra of each specific Cl-C 6 H 6 complex simulated with various theoretical models yield similar spectral patterns; the largest discrepancies concern only some small shifts in the positions of the bands. We present here only calculation results from the MPW1PW91/6-311++G(2d,2p) method; this method was chosen because it was designed particularly for non-covalent complexes. 20 A comparison of the new spectral features observed in the experiment for the Cl-C 6 H 6 complex (Figure 3(a) ) with the stick IR spectra of the σ -complex (Figure 3(b) ) and the η 1 π -complex (Figure 3(c) ), simulated according to anharmonic vibrational frequencies and IR intensities computed with the MPW1PW91/6-311++G(2d,2p) method, suggests that the best agreement in terms of relative intensities and positions is obtained for the predicted spectrum of the σ -complex. The η 1 π -complex is predicted to have intense lines at 659 (44), 725 (88), 887 (13), 1186 (12), 1479 (22), 1468 (21), and 1578 (100) cm −1 , whereas the σ -complex is predicted to have intense lines at 582 (13), 633 (22), 734 (100), 872 (7) nearly all lines of the σ -complex with computed IR intensity greater than 2 km mol −1 are observed in experiment. Although weak, the C−H stretching and the ClCH bending modes of the C(Cl)H moiety were observed at 2967.2 and 1112.5 cm −1 , respectively, similar to the predicted values of 2999 and 1094 cm −1 . In contrast, the intense ring-stretching mode predicted near 1578 cm −1 for the π -complex was unobserved.
We observed larger bandwidths for lines at 577.4, 617.0, 719.8, 833.6, and 876.8 cm −1 that are associated with vibrational modes involving significant change of the Cl−C distance. The observed broadening might be because the increase in the Cl−C distance upon vibrational excitation leads to dissociation of the complex or because of the flat potential energy surface along the C−Cl stretching coordinate that allows a variety of structures with slightly different vibrational frequencies for these modes. Considering the stabilization energy of 19-43 kJ mol −1 predicted for the Cl−C 6 H 6 complex and the low temperature, the latter explanation is more likely.
Previous reports suggested that in the π -complex benzene acts as an electron donor and the chlorine atom as an electron acceptor. A transient broad absorption band near 490 nm observed in pulse radiolysis of benzene in CCl 4 solvent by Bühler resembles spectra of several other aromatic charge-transfer complexes. 21, 22 Our calculations do not confirm the assumed sharp dichotomy between the chargetransfer characters of the σ -and π -complexes; electrostatic potentials computed for both complexes look very much alike, as shown in the supplementary material. 35 Theoretical calculations using the BH&HLYP/6-311++ G**(5D) time-dependent density functional theory (TD-DFT) method predicted one intense band ( f = 0.208) near 456 nm and one medium band ( f = 0.050) near 335 nm for the π -complex, and one weak band ( f = 0.003) near 416 nm and a medium band ( f = 0.016) near 296 nm for the σ -complex. Our calculations using the TDDFT/MPW1PW91/6-311++G(2d,2p) method yield bands near 404 nm ( f = 0.118) and 307 nm ( f = 0.058) for the π -complex and 478 nm ( f = 0.003) and 305 nm ( f = 0.047) for the σ -complex. Hence, the σ -complex is likely photolyzed with light in the region 455-700 nm so that we observed the decrease in intensity for lines of the σ -complex.
B. Cl + C 6 D 6 reaction
A similar experiment was performed with Cl 2 /C 6 D 6 /p-H 2 (1/1/1200). We show in Figure 4 (a) the inverted difference spectrum of the matrix after 1 h of secondary irradiation with the 455-700 nm light; the matrix was initially irradiated with light at 365 nm for 1 h, followed by annealing at 5 K for 2 min before this step. New features at 474.1, 550.5, 622.6, 683.6, 1247.1, 1308.4, 1433.8, and 1523.3 cm −1 are indicated with arrows. The spectrum is compared with the IR spectra of Cl-C 6 D 6 for the σ -complex (Figure 4(b) ) and the η 1 π -complex (Figure 4(c) ) simulated according to anharmonic vibrational frequencies and IR intensities predicted with the MPW1PW91/6-311++G(2d,2p) method. A comparison of the experimental and theoretical frequencies and relative intensities is given in Table II . The excellent agreement between the experimental and theoretical spectra for the σ -complex further supports our assignments.
IV. CONCLUSION
In summary, the work presented in this report clearly demonstrates that the product of the reaction of the Cl atom with the C 6 H 6 molecule in solid p-H 2 is the σ -complex (6-chlorocyclohexadienyl radical) rather than the π -complex. This observation indicates that the σ -complex isolated in solid p-H 2 at 3.2 K is likely lower in energy than the π -complex. Although we expect that the matrix effect in solid p-H 2 is small, it is unclear if our conclusion on the relative stability of the complexes can be extended to the reaction of Cl + C 6 H 6 in solutions. Nevertheless, the IR absorption spectrum reported in this work provides definitive structural characterization of the Cl-C 6 H 6 σ -complex as the 6-chlorocyclohexadienyl radical, and is crucial for further investigations of the Cl + C 6 H 6 reaction either in the gaseous or solution phase.
